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PreviewsCell-Cycle Control during
Development: Taking it up a Notch
The signals that coordinate cellular proliferation with
G1 arrest and differentiation have long been of inter-
est. Two papers in this issue of Developmental Cell
show that the conserved Hedgehog and Notch signal-
ing pathways regulate cell division during develop-
ment of the Drosophila compound eye.
During development, cellular proliferation must be
tightly regulated in order to ensure sufficient numbers
of cells to result in appropriate patterning of the tissue
and, ultimately, the organism. Recent evidence from
Drosophila suggests that highly conserved intercellular
signaling pathways regulate both proliferation and dif-
ferentiation. These include longer-range signals transmit-
ted by the diffusible molecule Hedgehog, and local
communication mediated the transmembrane receptor
Notch. Two papers in this issue (Baonza and Freeman,
2005; Firth and Baker, 2005) show that these signaling
pathways are sufficient to direct both proliferation and
differentiation in the developing Drosophila retina. Fur-
thermore, they demonstrate that Notch can promote a
regulated reentry into S phase after G1 arrest. These
results show that the entire program of proliferation and
differentiation in the eye is controlled coordinately by
these global regulatory factors, ensuring successful
patterning of the adult tissue.
The stereotypical and reiterative structure of the Dro-
sophila eye makes it an ideal system to investigate the
events of differentiation and proliferation (Figure 1). Dif-
ferentiation initiates within a physical constriction in the
eye epithelium, the morphogenetic furrow. Within the
morphogenetic furrow, cells arrest in the G1 phase and
groups of cells begin to differentiate into photoreceptor
cell neurons. The eye anlagen, called the eye imaginal
disc, contains two domains of proliferation: an asyn-
chronously-dividing population of cells that serves as
a reservoir of uncommitted precursors anterior to the
furrow and a band comprised of groups of cells poste-
rior to the furrow that synchronously enter a terminal S
phase (Wolff and Ready, 1991).
Initiation of the morphogenetic furrow requires ex-
pression of the Drosophila BMP-4 homolog, Decapen-
taplegic (Dpp), a member of the TGF-β family of growth
factors. Dpp is expressed prior to the overt appearance
of the furrow and is required both for furrow formation
and the onset of differentiation (Pignoni and Zipursky,
1997). In addition, Dpp expression has been implicated
in the cell-cycle arrest observed within the morphoge-
netic furrow (Horsfield et al., 1998). Continued expres-
sion of Dpp in the furrow requires the diffusible sig-
naling molecule Hedgehog, which is secreted from
differentiating photoreceptor cells behind the furrow.Diffusion of Hedgehog anteriorly propagates Dpp ex-
pression and, thus, furrow progression (Heberlein et al.,
1995). By generating clones of cells mutant for down-
stream effectors of the Hedgehog and Dpp pathways,
Firth and Baker demonstrated that cell-cycle arrest in
G1 ahead of the morphogenetic furrow is dependent
solely on redundant signaling from Hedgehog and Dpp.
In similar experiments, both Baonza and Freeman
and Firth and Baker show that entry of cells into S
phase after G1 arrest in the morphogenetic furrow re-
quires a positive signal from Notch. Notch is required
at multiple steps of neuronal development and per-
forms both lateral inhibitory functions as well as induc-
tive roles (Cagan and Ready, 1989). S-phase entry be-
hind the furrow was inhibited in clones of cells mutant
for Notch or its ligand Delta (Baonza and Freeman,
2005) or Su(H), a downstream effector of Notch (Firth
and Baker, 2005). Furthermore, inappropriate activationFigure 1. The Coordinate Regulation of Proliferation and Differentia-
tion in the Developing Drosophila Retina
A schematic representation of the developing eye disc in a region
surrounding the morphogenetic furrow is shown. The furrow pro-
gresses anteriorly (from left to right) across the disc. Ahead of the
furrow cells are unpatterned and cycle asynchronously, whereas
behind the furrow, cells that do not exit the cell cycle and differenti-
ate reenter S phase synchronously (black circles). Differentiating
photoreceptor cell clusters (orange) secrete Hedgehog (light
brown). Hedgehog induces Dpp, and both of these molecules,
either singly or together, induce expression of a variety of other
gene products whose expression is manifested as stripes (blue)
across the dorsal-ventral axis of the eye disc. Notch (N) is ex-
pressed at various stages of development and provides both posi-
tive (green circles) and inhibitory (red circles) cues. Notch signaling
is also required in S-phase cells behind the furrow. Cell division of
G2-arrested cells (yellow mitotic figures) behind the furrow is in-
duced by an epidermal growth factor-dependent signal (green ar-
row) from developing clusters.
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452of the Notch signaling pathway could induce S-phase c
entry, resulting in disc overgrowth. Notch acts in part by s
inhibiting the Drosophila retinoblastoma homolog Rbf, t
which normally functions to inhibit the S-phase-specific c
E2F transcription factor. Notch is also required for ex- p
pression of Cyclin A; in addition, Notch may regulate a p
third, unknown factor to drive S-phase entry because p
coexpression of both E2F and Cyclin A did not rescue A
S phase in Notch mutant clones (Baonza and Freeman, t
2005). Once cells transit through S phase into G2, they s
arrest until a further signal from differentiating neurons, p
dependent on the epidermal growth factor receptor, i
drives entry into mitosis (Baker and Yu, 2001).
What are the targets of Hedgehog and Dpp that me- B
diate cell-cycle synchronization and arrest within the C
morphogenetic furrow? One likely target is String, the N
Drosophila homolog of the mitotic inducer Cdc25. N
String expression ahead of the furrow is required to 9
drive cells through mitosis and into G1 (Heberlein et B
al., 1995; Mozer and Easwarachandran, 1999). Another
candidate is Roughex, a gene required to inhibit Cyclin
A-dependent kinase activity in the morphogenetic fur- S
row. In the absence of Roughex, all cells in the furrow
Benter S phase prematurely. Roughex is expressed in the
Bmorphogenetic furrow, consistent with induction by
5Hedgehog, and the phenotype of roughex mutations is
Cenhanced by mutations in hedgehog (Thomas et al.,
F1997). Direct cell-cycle targets of Dpp signaling have
yet to be identified. H
tOther genes downstream of Hedgehog and Dpp
Hlikely include the G1 cyclin Cyclin D and the bHLH tran-
sscription factors Hairy, Atonal, and Daughterless,
Mamong others, whose expression is manifested as dra-
matic stripes across the disc. Hedgehog and Dpp also P
induce expression of the Notch ligand, Delta, and this T
expression is required for Notch activity in regulating F
DS-phase entry behind the morphogenetic furrow
(Baonza and Freeman, 2005). The integration of these Womplex signals results in the formation of regularly
paced groups of cells across the length of the furrow
hat are committed to differentiate into neurons. That
ell-cycle entry behind the morphogenetic furrow de-
ends on these same regulatory signals ensures that
recursor cells will be generated at the right time and
lace and in the right numbers to pattern the adult eye.
lthough it is likely that the highly structured nature of
he Drosophila compound eye requires an unusually
tringent control, it is likely that proliferation and
atterning will be linked by common regulatory signals
n other organisms as well.
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